In a broad sense, optogenetics uses genetically addressable photosensitive tools to monitor and control activity of living cells and tissue. This paper focuses on causal manipulation of neural populations by delivering light to light-sensitive ion channels or other proteins called microbial opsins. This enables refined manipulation of specific types or compartments of neurons with millisecond precision, whereas traditional electrical brain stimulation affects all neurons in a given area. Additionally, intracellular pathways can be studied using opto-XRs which could aid psychopharmacological research. Recent studies have applied optogenetics to psychology, leading to new experiments and yielding interesting results. Thus, this paper attempts to make optogenetics accessible to psychologists to enrich existing psychological research methods.
Neurons
To understand how the brain works it is important to begin with its fundamental building blocks -neurons (Figure 1 ). Neurons are complex pieces of electrochemical machinery (Purves et al., 2012) . Like most other cells, neurons have cell bodies which contain organelles and a cell nucleus. However, neurons also possess other structures such as dendrites, which look like branches of a tree and are generally used to receive signals from other neurons. Signals can be sent using the axon, a relatively long projection. When a signal (also known as an action potential) is propagated through the axon, it eventually reaches an axon terminal; an extremity of the neuron usually connecting to dendrites of other neurons.
However, the axon terminals and dendrites are not Electrochemical signaling between several billions of neurons determines how we think and behave (Purves et al., 2012) . To do this, neurons communicate with each other by using their electrical and chemical properties. In response, the terminal releases neurotransmitters into the synapse. The postsynaptic neuron has receptors on its membrane, which bind to receptors on the cell membrane of the postsynaptic neuron.
Two important types of postsynaptic receptors exist:
ionotrophic receptors and metabotrophic receptors (Stahl, 2008 
Electrical Brain Stimulation
EBS exploits the electrical properties of neurons (Pinel, 2009 For more than a century, electrical stimulation has been used to study both fundamental and clinical aspects of the nervous system. Bartholow (1874) made the first report of placing an electrode against a brain in vivo.
Stimulating the parietal cortex caused the kind of motor behavior as described above. Ever since, EBS has significantly aided our understanding of the brain. For example the motor cortex and its topographical layout (Penfield & Boldrey, 1937) , the functioning and topographical structure of the visual cortex (Brindley & Lewin, 1968) , conscious perception of sensations in the somatosensory cortex (Libet et al., 1964) , and many other topics. In short, EBS has fundamentally changed our understanding of the brain.
Moreover, EBS is also applied as a treatment.
Electroconvulsive therapy has been used for several decades and consists of placing electrodes against the scalp to induce seizures which in turn alleviate symptoms of clinical depression (Rudorfer, Henry & Sackeim, 2003) .
More recently, deep brain stimulation (DBS) has gained popularity as a treatment for the motor symptoms of
Parkinson's disease, dystonia and clinical depression (Perlmutter & Mink, 2006 
Neuropharmacology
Neuropharmacology studies how drugs affect the nervous system. Since the nervous system in itself relies on chemicals such as neurotransmitters, pharmacology has significantly expanded the fields of neuroscience and psychology (Stahl, 2008) . The main advantage of this approach is that it allows cell-type specific manipulation.
Some drugs are specifically involved in GABA systems, whereas others affect only serotonin systems. In addition, the systems can be manipulated in several ways (Stahl, 2008) . Drugs have contributed to our understanding of neuronal functioning. For example, action potentials have been studied by blocking the ion channels involved in depolarization and hyperpolarization. In one experiment, sodium channels were blocked using tetrodotoxin (Narahashi, Moore, & Scott, 1964) , whereas in another experiment tetraethylammonium was used to block potassium channels (Armstrong & Binstock, 1965) . These experiments showed how sodium and potassium channels determine the characteristics of the action potential. In addition, some drugs act specifically on ionotrophic or metabotrophic receptors (Stahl, 2008) . In short, numerous topics have been studied using neuropharmacology.
Some drugs have accidentally given insight into the brain. Antipsychotics are drugs used to alleviate psychotic symptoms but their effect was discovered by accident and drove research to elucidate the underlying mechanism (Stahl, 2008) . Antipsychotics tipically inhibit the binding of dopamine to postsynaptic receptors, thus illustrating a link between dopamine and psychosis. Similarly, antidepressants were used without knowledge of its mechanisms (Stahl, 2008) . After successfully applying antidepressants in the clinic, researchers discovered their effects on monoamines neurotransmitters such as serotonin, norepinephrine, and dopamine.
Although pharmacology is able to discriminate between specific types of neurons, psychopharmacological drugs are not ideal for studying the brain (Stahl, 2008) .
First, drugs are spatially non-specific affecting the whole brain rather than specific regions. This is impractical for localizing functions. Second, control on a temporal scale is low as drugs generally take effect after minutes, hours or even weeks and with a similar time period for the drug to degrade. However, action potentials work on a millisecond scale, and many psychological processes occur in the order of seconds. Despite these and several other disadvantages, psychopharmacology remains useful in studying chemical properties of neurons.
Optogenetics History of Optogenetics
In recent years, optogenetics has proven to be an advantageous technique for studying the brain. As stated in the introduction, it applies genetically addressable photosensitive tools to measure and control cellular activity (Dugué et al., 2012) . More specifically, it focuses on the manipulation of cellular activity using light (Deisseroth, 2011) . To understand the underlying mechanisms, it is useful to understand their history.
Although EBS and neurpharmacology are used in humans, both techniques were initially exclusively applied to animals and cell cultures. Similarly, optogenetics was first developed in animals such as fruit flies and mice.
One of the first attempts to control neuronal activity using light was the application of caged compounds ( Figure 2 ; Kaplan, Forbush & Hoffman, 1978; Nerbonne, 1996) . In a synapse of interest, a compound of choice (e.g. a neurotransmitter) is bound to photosensitive caging molecules. When bound to such molecules the compound is rendered inactive. However, when the right wavelength of light is applied to the caging molecules they detach from the compound, allowing the compound to function normally again, binding to postsynaptic receptors.
Consequently, this technique allows the control of neurotransmitter activity in a synapse, simply by using light. However, the technique is limited in its use because the delivery of the caging molecules to a specific synapse only works for easily accessible networks. Caged compounds can be used to study neurons in vitro (i.e.
isolated from an organism) or of a small organism such as a fly, but the technique will not work for larger organisms such as mice and humans. To circumvent the need to deliver the photosensitive components to the synapse, genetic engineering was applied to rhodopsin (Khorana, Knox, Nasi, Swanson, & Thompson, 1988) . Rhodopsin is a photosensitive protein found in the eye that allows us to perceive light.
Additionally, rhodopsin functions as a metabotrophic receptor and when exposed to light, it activates intracellular pathways. Khorana et al. (1988) (Figure 3 ). They used a different rhodopsin called NinaE, but also incorporated genes for intracellular pathways which would be activated by NinaE.
When the rhodopsin was exposed to light, the intracellular pathways eventually led to the activation of ion channels allowing positive ions to flow into the cell and cause depolarization. Due to advances in genetic engineering, which are explained later in this paper, ChARGe -also be restricted to specific types of neurons -only dopamine neurons become photosensitive while all other neurons remain insensitive to light. Thus, Zemelman et al. (2002) were capable of controlling the neuronal activity of specific neurons using genetically incorporated photosensitive chemicals. implemented these channels into mammalian neurons.
First, they cultured hippocampal tissue from mice. Second, they isolated the genetic code for ChR2 and infected the neural tissue with viruses to deliver the gene to neurons.
After infection, ChR2 was expressed on the membranes of the neurons. By stimulating the tissue with blue light and simultaneously recording electrical activity, they found that the light caused action potentials in the neuron, milliseconds after stimulation. Thus, Boyden et al. (2005) were the first to succeed in controlling neuronal activity of mammalian brain tissue with millisecond precision by using light; a feat that has since been shown to be useful to study the brain. 
Opsins
Since the initial finding of ChR2 (Nagel et al., 2003) , Similarly, an archaebacteria named Natronomonas pharaonis expresses the ion pump halorhodopsin (NpHR), which hyperpolarizes cells by pumping chloride ions (Cl -) into the cells decreasing the membrane potential (Figure 4 ; Essen, 2002) . Note that these mechanisms of excitation and inhibition are distinctly different from EBS, which applies current, yet they can both achieve similar effects. More recently, special types of proteins have been engineered (Kim et al., 2005) . These are called opto-XRs, which are created by fusing of metabotrophic receptors with vertebrate rhodopsin and can be used to control any intracellular pathway (Airan, Thompson, Fenno, Bernstein, & Deisseroth, 2009 When opsins are implemented in the mammalian brain they offer interesting mechanisms to manipulate neural networks. First, electrical properties of neurons can be manipulated by applying different types of opsins as described above (Yizhar et al., 2011a) . Second, different opsins are activated by different wavelengths of light (Fenno, Yizhar & Deisseroth, 2011) . For example, ChR2
shows optimal activation at 470 nm (blue light), while 
Applying Optogenetics in Mammals
Expression of microbial opsins in mammals can be achieved by using either viruses such as adeno-associated viruses, lentiviruses, or herpes simplex viruses. or germline transgenesis (Rein & Deussing, 2011 Once the genetic code is delivered to the cells of interest and the opsins are expressed, light of the right wavelength has to reach the opsins (Bernstein & Boyden, 2011) . In addition to extracted neural tissue as studied by Boyden et al. (2005) , optogenetics can be applied in vivo.
To deliver light to the brain, the skull is bypassed by making a hole into which optical fibers are inserted. These fibers are designed to transduce light from one end of the fiber to the other. To keep the fibers in position, they are docked into a plate that is fixed onto the animal's head.
These steps allow stimulation of photosensitive neurons by sending a laser through the optical fibers.
The field of optogenetics is rapidly developing and the limits of applying optogenetics are currently unknown.
Yet there is one major obstacle for the field of psychology.
The technique has been tested in many species, such as zebra fish, mice, rats, and more recently non-human primates . However, psychology focuses on human behavior and cognition. Thus, it is unclear how optogenetics could be applied to humans. 
Applications of Optogenetics
Some branches of psychology focus on the complex interplay of neural networks suggesting optogenetics could be an interesting technique to improve the understanding of the human brain. Over the last few years, optogenetics has been applied in many areas of neuroscience relevant to psychology, from basal functions such as breathing (Alilain et al., 2008) , to the mechanism of antidepressants in the medial prefrontal cortex (Covington III et al., 2010) . This following section has two objectives.
First, it will give an overview of the extent to wich research has utilized optogenetics. Second, it aims to show how studies have applied optogenetics in their experimental designs.
Cognition and Psychological Functioning
Aversion learning. Schroll et al. (2006) demonstrated how drosophila (fruit fly) larvae learn aversive and appetitive associations. A previous study showed that larvae lacking dopamine expression are unable to learn by aversion, whereas the absence of a neurotransmitter called octopamine inhibited appetitive learning (Schwaerzel et al., 2003) . However, inhibition of these neurotransmitters does not exclude the possibility that dopamine plays some role in appetitive learning, nor that octopamine influences aversive learning. To clarify this, Schroll et al. (2006) developed flies that were genetically engineered to express ChR2. First, the dopaminergic network was addressed. 
Psychopathology and Psychiatric Treatments
Unconditioned anxiety. Tye et al. (2011) hypothesized a network in the amygdala that could explain Restoring vision. The retina of the eye has a photosensitive rhodopsin layer visual information to be perceived (Baylor, 1996) . However, in some disorders such as retinitis pigmentosa, the photosensitive layer deteriorates, potentially leading to full blindness (Shintani, Shechtman & Gurwood, 2009 ). Optogenetics could aid in restoring the photosensitive layer since they both utilize proteins reacting to light. Cones, photosensitive cells responsible for color and daytime vision, tend to remain present after becoming insensitive for light. Thus, reactivating these cones with optogenetics could reverse some symptoms of retinitis pigmentosa (Busskamp et al., 2010) . As light intensity increases, cones hyperpolarize more. Since NpHR also causes hyperpolarization when exposed to light, it was selectively expressed in mice cones. Busskamp et al. (2010) the finding has to be replicated in animal models in vivo.
Future research could also focus on stimulating inhibitory neurons, which overall could have the same effect as inhibiting pyramidal neurons (Kokaia, Andersson & Ledri, 2012) .
Concluding Remarks
Optogenetics promises new ways to study the nervous 
